ABSTRACT
MATERIALS AND METHODS Markers
Antibody markers used in this study were as follows: To visualize reporter constructs, we used the following two antibodies:
1. Anti-␤-gal. This rabbit antiserum (Cappell, Malvern, PA, #55976) was prepared against entire E. coli ␤-galactosidase protein. 2. Anti-GFP. This rabbit antiserum (Sigma, St. Louis, MO, #G1544) was raised as a synthetic peptide representing amino acids 3-17 of jellyfish green fluorescent protein.
construct containing an FRT flanked flip-out cassette is driven by a global neuronal driver line such as elav-Gal4. In addition to these two chromosomes, the stock contains an hs-FLP construct that allows one to induce the flip-out event, leading to a GFP-expressing cell, by applying short, 30 -40-minute heat pulses to early (3-5-hour) embryos. Clones can be assigned to specific lineages based on location of cell bodies and trajectory of lineage tract. There are two or three lineages, belonging to the Dorsoanterior lateral (DAL) group, whose axons form the highly characteristic centroanterior protocerebral tract (CAPT) tract that can be identified in both early and late larvae. Thus, cell bodies of these lineages flank the spur/dorsal lobe of the mushroom body laterally; axon tracts project medially across the peduncle, right posterior to the dorsal lobe, and then turn ventrally. All the labeled clones with this morphology (about 4, out of approximately 150 clones evaluated for the first-instar larva; example shown in Fig. 2E ) had descending axons that reached the anterior part of the ventral nerve cord.
Immunohistochemistry and histology
For antibody labeling, standard procedures were followed (e.g., Ashburner, 1989) . The anti-FasII and anti-DN-cadherin antibodies were diluted 1:10 and 1:20, respectively. Anti-Dilp2 was diluted 1:500. Anti-␤-gal and anti-GFP were used at 1:5,000 and 1:2,000, respectively. For fluorescent staining, the following secondary antibodies were used: For permanent preparations and sections of anti-FasIIlabeled brains, the preparations were incubated with biotin-SP-conjugated AffiniPure goat anti-mouse IgG (H؉L) at a 1:100 dilution. This goat antiserum (Jackson ImmunoResearch, #115-065-166) was prepared against mouse immunoglobulin G (heavy and light chain).
For the histochemical color reaction, the VectaStain Elite ABC kit (Vector) was used according to the manufacturer's specifications.
DiI injections
First-instar larvae were immersed in PBS, opened dorsally by using a syringe needle (Becton Dickinson, San Jose, CA, #BD30G1/2), and transferred to a slide coated with polylysine. Brains and attached nerve cords were removed with a sharp glass needle, transferred to a second, poly-lysinecoated slide, attached with the brain hemispheres facing up, and fixed with 4% formaldehyde in PBS. DiI injections (1 mg/ml of pure ethanol) were made into the brain and ventral nerve cord under visual control (100؋ water lens, Zeiss fixed stage Axioscope microscope) iontophoretically, by using a iontophoretic dye marker (Digitimer, model D380, Welwyn, Garden City, UK).
We injected approximately 400 ventral nerve cords. Of these, 71 contained interpretable labeling of ascending and/or descending fibers. The remainder showed only labeling of local ventral cord tissue and were not further considered.
Injections were done predominantly dorsally, into a variety of medial and lateral positions, both superficial and deep. Out of the 71 nerve cords, 5 preparations had large DiI injections (hundreds of cells/processes); 27 had medium injections (approx. 4 -20 cells labeled); and 39 had small injections (1-3 cells). The data presented in the Results and in Figure 2 are mostly based on small injections. Counts of descending neurons were done on seven brain hemispheres of preparations with large ventral cord fills.
Generation of 3D digital models
Staged Drosophila larval brains labeled with anti-FasII and other suitable markers were viewed as wholemounts by confocal microscopy (Bio-Rad, Hercules, CA, MRC 1024ES microscope using Bio-Rad Lasersharp version 3.2 software; lenses: 40؋ oil [numerical aperture 1.0; WD 0.17]; 60؋ oil [numerical aperture 1.4; WD 0.21]). Complete series of optical sections were taken at 2-mm intervals for at least five individuals per stage and compiled into a stack. The confocal stack was imported into TrakEM2 (http://www.ini.uzh.ch/ϳacardona/trakem2.html), and each neuropile compartment was manually segmented following fluorescent labeling on the slices. From the lists of segmentations for each compartment, a 3D mesh was generated by using the VIB package (B. Schmid and J. Schindelin, unpublished data) by the marching cubes algorithm. A second, similarly oriented stack was imported into TrakEM2, and the ventral nerve cord tracts and cervical connectives were sketched with 3D, variable radius tubes. The meshes generated were imported into Blender (Blender Foundation, Amsterdam, The Netherlands) for merging, volume-preserving smoothening, coloring, animation, and rendering by ray-tracing.
RESULTS

Long axon tracts connecting brain and ventral nerve cord
The ascending and descending axons that interconnect the brain and ventral nerve cord and that represent the focus of this paper form part of the larger fiber systems (long axon tracts) described in the previous literature (Power, 1948 (Fig. 1K ).
The scaffold of long axon tracts connecting brain and ventral nerve cord was used to map groups of descending and ascending fibers that were labeled by injection of DiI or clonally restricted expression of GFP. These populations of fibers will be described in the following two sections. 
Descending neurons
Large DiI backfills that affect the entire ventral cord neuropile provide a map of the brain neurons whose axons descend into the ventral nerve cord. Small injections of individual tracts, as well as labeled clones, give further insight into the exact trajectories of these descending connections. In many instances, the pattern of proximal neurite branches, presumably dendrites, could be discerned. Significantly, only the anterior part of the larval ventral nerve cord (subesophageal ganglion, anterior thoracic segments) appears to be reached by descending axons originating in the brain; backfills at any level further posterior does not result in labeled brain neurons. We performed more than 20 large backfills at anterior levels. In the majority of these attempts, the high fluorescence of the bolus of dye applied to the cut surface prevented the visualization of individually backfilled cells. We were able to image six preparations, all of which showed a very similar pattern of backfilled neurons. The number of small injections into discrete regions of the anterior ventral nerve cord was approximately 200; of these, 50 resulted in successful backfills that were recorded. Backfills allowed us to distinguish the following populations of descending neurons: Backfills reveal an average of 13 DAM-DNs (range: 9 -18) that flank the DA and CA compartments, with both ipsilateral and crossed descending axons projecting through the MCT toward the medial ventral nerve cord (Fig. 2B,N (Fig. 2O) . The DAL group of descending neurons was repeatedly visualized in clones (Fig. 2E) 
Ascending projections
Ascending axons were visualized with the help of the Gal4 driver line Nc1-Gal4, which came out of a screen for larval brain-specific Gal4 driver lines (Larsen et al., 2006), and which is almost exclusively expressed in neurons of the ventral nerve cord. Based on number and density of labeled neurons, it appears as if most, if not all neurons of the cord express the driver line. Outside the cord, only a single small cluster of brain neurons that probably corresponded to the DPM-DN, expressed Nc1-Gal4.
In addition to the Nc1-Gal4 marker, labeled clones of neurons located in the ventral nerve cord, as well as DiI injections that filled preferentially ascending fibers, helped to define ascending fiber tracts.
In general, regions of the brain receiving ascending projections from the ventral nerve cord closely coincide with those housing descending neurons. Anteromedial regions (the BCv, CA, and DA compartments) and posterobasal regions (the BPL and posterior BPM compartment) receive the densest input. All dorsal tracts of the cord (DMT, DIT, DLT) carry ascending axons that converge in the BLPT and terminate in the superficial layer of the BPL and BPM compartments (Fig.  3A,D,H,J ). There appears to be a topographic order to this BLPT projection, in that axons from the medial cord reach more medial positions of the posterior brain, and vice versa (Fig. 3I,J) . A topographic order probably also exists in the anteroposterior axis, because small DiI injections at thoracic levels labeled terminals only in the most basal parts of the brain, whereas injections further anteriorly, in the subesophageal ganglion, resulted in labeling of more dorsal terminals (data not shown). However, the exact topography of connections needs to be substantiated by single-cell labeling, either through clones or through small injections.
Ventral tracts of the cord that converge and form the LCT contain a second major population of ascending axons that reach the BPL compartment from anteromedially, through the BMPT tract (Fig. 3B,D,H,L) . Ascending BMPT axons form a dense projection extending throughout most of the volume of the BPL; smaller numbers of branches are given off to the BPM, as well as to the BC compartment that flanks the BMPT anteriorly (Fig. 3H) . Note that input from the ventral cord enters the BPL compartment on two sides: ascending axons from the dorsal cord (traversing the "motor neuropile" of the cord) reach the BPL compartment at its posterior surface, and axons from the ventral part of the cord ("sensory neuropiles") enter the BPL from anteriorly.
The third major ascending projection travels with the MCT and branches throughout the BCv, CA, and DA compartments (Fig. 3C,E,F,J,N) . Some of these fibers send a commissural branch through the supraesophageal commissure toward the opposite hemisphere (Fig. 3N) , a behavior not encountered in the other ascending projections. Smaller groups of ascending axons also seem to be associated with the DPPT and the CAPT tract, because some of the small injections labeling these tracts resulted in labeling of the surrounding neuropile, i.e., the DP and the anterior CPL, respectively (Fig. 3M,O) . Because no cell bodies were visibly labeled in these experiments, we assume that the label represents terminal branches of ascending axons; however, we cannot exclude the possibility that the label corresponds to proximal branches of descending neurons (DAL and DPM, respectively) whose somata did not receive enough DiI to become visible.
One of the main insights gained from this study is that descending neurons, and ascending terminal axons, are largely confined to the ventral compartments of the brain. (Fig. 2D) , which produces the descending CAPT axons, or the BA lineages, which have dendrites in the (basal) antennal compartment and project dorsally through the ACT into the calyx of the dorsal protocerebrum (not shown).
Molecular markers of individual populations of descending brain neurons
Among the Gal4 driver lines expressed in the central nervous system we could identify several that (among other neurons) target subsets of descending neurons (Fig. 4) . 3741-Gal4 (Bloomington Stock Center, #3741; P{w[؉mW.hs] ‫؍‬ GawB}167Y, w[1118]) is expressed strongly in the anteromedial descending neurons, in particular in a small group of three to four cells with dense proximal arborizations in the CA and DA compartments and thick axons that descend through the MCT into the dorsomedial tract of the cord (Fig. 4A,B) . While passing through the BCv compartment, the axons form additional short branches. At least one of the neurons, which forms a collateral leaving the brain and projecting to the ring gland, represents a neurosecretory cell (Fig. 4A, arrowhead) .
Sine oculis-(So)-Gal4 (Chang et al., 2003) is expressed in the optic lobe and a few lineages derived from the optic lobe placode; the driver is also expressed in several other clusters of central brain neurons, among them the DPM descending neurons described above. Axons of these cells descend through the DPPT and give off widespread branches in the CPI and BPM compartment (Fig. 4C,D) . Terminal arborizations are seen in the anterior ventral cord around the zone where the DLT and DIT tracts converge (Fig. 4D) . We note that the descending projections visualized with the So-Gal4 and MzVUM-Gal4 (see below) drivers conform with the general pattern reconstructed from injections, in terminating in the most anterior parts of the ventral cord, rather than continuing to more posterior levels.
MzVUM-Gal4 ( scending neurons (Fig. 4E,G) . Proximal arborizations of these neurons ramify throughout the DA and CA compartments (Fig.  4G) ; axons cross the midline in the supraesophageal commissure and/or descend through the MCT into the anterior part of the ventral cord, i.e., the subesophageal ganglion. Here axons terminate in a tuft of branches that span the entire width of the subesophageal ganglion (arrowheads in Fig. 4G ). The DChx1-positive descending neurons include a subsets of cells with the above-described morphology that also express Drosophila insulin-like peptide (Dilp) and can be visualized with an antibody against this peptide ( Our data reveal five groups of descending neurons that can be distinguished based on cell body location and fiber tract. In regard to location and trajectory of descending fibers, it seems likely that our basal-posterior group (BP-DN) corresponds to clusters i/c1, i/c2, and i/c3 defined for cricket and cockroach (Staudacher, 1998; Okada et al., 2003) . The designations "i" and "c" indicate whether the given cluster projects its descending fibers ipsi-or contralaterally, respectively; the numeral refers to the location of the cluster. Clusters i1 and c1, for example, share a similar location, but differ with respect to the side on which their axons descend. Clusters i/c1, i/c2, and i/c3 occupy a position that is medial, basal, and posterior relative to the calyx and peduncle of the mushroom body, which corresponds to the location of the Drosophila larval BP group. Furthermore, descending axons of this group travel directly posteriorly toward the subesophageal ganglion, traversing and distributing neurite arbors to the dorsal (i.e., posterior) deuterocerebrum. This is exactly the trajectory of the BP neurons seen in the Drosophila larval brain. Output compartments of the insect brain are prefigured in the early larva Directed behaviors like flight or walking are controlled by central pattern generators in the thoracic ganglia. CPGs are modulated both by feedback input (e.g., proprioceptors in the wings and legs) and by exteroreceptors that inform the CPG about the dynamically changing parameters of the animal's environment (e.g., wind speed, gravity, olfactory and visual cues). Several brain neuropile compartments with descending neurons receiving multimodal sensory input have been identified in both orthopterans and dipterans. Notable among these are the ventrolateral protocerebrum (VLP), the antennal mechanosensory and motor center (AMMC), and the lateral accessory lobe (LAL). All these brain centers evolve from larval brain compartments that, according to the present study, contain ascending and descending fibers connecting the brain with the ventral nerve cord. Thus, even though fly larvae exhibit an extremely reduced behavioral repertoire that includes neither walking nor flight, the brain centers subserving the central modulation of these behaviors in the adult are already prefigured in the larval brain.
The VLP represents the domain within the central brain neuropile that receives afferent visual input from neurons located in the optic lobe. Note that because of uncertainties of the neuraxis in the brain, as well as neuromere identities of individual parts of the brain neuropile, the VLP has received numerous different names in the literature, including "posterior protocerebrum" (Homberg, 1994) , and "dorsal deuterocerebrum" ). However, the VLP can be unambigously defined by the presence of the so-called optic foci, which form discrete, synapse-rich domains receiving afferents from the optic lobe (Strausfeld and Bacon, 1984; Strausfeld and Gronenberg, 1990 ). For example, in the fly Calliphora, input to the VLP arrives from the lobula via three axon bundles containing 400 -500 fibers each; nine bundles with several hundred axons each arrive from the lobula plate. The pattern of optic foci and optic lobe afferents in Drosophila resembles closely the one described for larger flies (Otsuna and Ito, 2006) . Among the intrinsic neurons of the VLP, a large number (at least 50 per hemisphere in Calliphora) with descending axons to the thoracic flight motor neuropile have been studied anatomically and physiologically. In flies (Strausfeld and Gronenberg, 1990), as well as locusts (Hensler, 1992; Rowell, 1989 Rowell, , 1993 
